Introduction
The genus Acanthamoeba (Amoebozoa) represents free-living amoebae found in disparate ecosystems all over the world. Acanthamoebae are considered the most widespread protists in nature. Moreover, under specific conditions, acanthamoebae are able to infect humans and cause rare but serious diseases, including so-called granulomatous amoebic encephalitis, a uniformly fatal infection of the central nervous system of an immunocompromised individual, and amoebic keratitis, a vision-threatening infection of the eye (Cabral and Cabral 2003; Schuster and Visvesvara 2004) . Thus, it is evident that during their lives, acanthamoebae face fundamentally different environmental stressors. The life cycle of Acanthamoeba consists of two mononuclear stages: an active amoeba (a trophozoite) and a dormant cyst. Acanthamoeba cysts are formed upon exposure of trophozoites to long-lasting unfavorable environmental conditions, such as drought or starvation (Neff et al. 1964) . Cysts are also formed in brain or cornea tissues during chronic infection. According to in vitro experiments, encystation, i.e., transformation of a trophozoite into a cyst, takes 16-24 hours (Köhsler et al. 2008; Lloyd et al. 2001 ). In the course of this process, the cell volume decreases, and a double-layered wall assembles on the cell surface. Cellulose is the main component of the inner cyst wall layer (known as the endocyst), whereas the outer layer (the exocyst) is mostly proteinaceous (Bowers and Korn 1969; Weisman 1976) . As a cyst, Acanthamoeba cells can remain viable for years (Aksozek et al. 2002; Mazur et al. 1995) . Recently, Kliescikova et al. (2011a) found that under acute stress (induced in vitro by exposure of cells to organic solvents), trophozoites rapidly differentiate into pseudocysts, another stage enabling acanthamoebae to survive lifethreatening conditions. Pseudocyst formation was also observed in acanthamoebae exposed to contact lens solutions containing propylene glycol (Kliescikova et al. 2011b ) and in marine parasitic amoeba Neoparamoeba perurans when subjected to fresh water (Lima et al. 2017) .
In contrast to cysts, Acanthamoeba pseudocysts are formed within two hours, their surface is covered with a single-layered fibrillar mannose/glucose coat, the cyst-specific protein CSP21
is not expressed, and their resistance to temperature, pH or desiccation is limited (Kliescikova et al. 2011a ). Thus, Acanthamoeba can modify a cellular stress response according to external stimuli. A recent analysis of the genome of A. castellanii revealed many proteins that were putatively involved in the modulation of the cellular response to external cues. This analysis included a large number of protein kinases of different kinase families (Clarke et al. 2013 ).
However, other mechanisms involved in the defense of the internal environment of the Acanthamoeba cell during adaptation to stress remain poorly understood, and the available experimental data are limited to the characterization of ultrastructural changes, chemical composition of the envelope and resistance parameters of the resting stages (Bowers and Korn 1969; Kliescikova et al. 2011a; Weisman 1976) .
In many eukaryotes, stress resistance is accompanied by the synthesis of protective compounds to alleviate the effects of anhydrobiosis, freezing, and osmotic pressure on macromolecular assemblies such as membranes. This role is often played by carbohydrates, trehalose or the sugar alcohol mannitol, as described previously (Lourenço et al. 2016 ). In the genome of A. castellanii, genes coding for several enzymes of biosynthetic pathways for mannitol and trehalose have been reported, and protective roles for these compounds have been suggested (Anderson et al. 2005; Watkins and Gray 2008) . However, despite previous identification of putative genes involved in the synthesis of mannitol, we recently found (Binova et al. 2012 ) that mannitol is not present in either stage of the Acanthamoeba life cycle. Therefore, we aimed to further investigate the presence and synthesis of trehalose during the formation of the stress-resistant stages of acanthamoebae. Moreover, a recent study by Clarke et al. (2013) of the genome of A. castellanii enabled our investigation of the molecular mechanisms of trehalose synthesis in detail.
Trehalose is a non-reducing disaccharide formed from two glucose units linked together in an , -1, 1-glycosidic linkage, which makes it a very stable molecule. Trehalose occurs in a wide variety of organisms, including archaea, bacteria, protists, plants and arthropods (Elbein et al. 2003) . There are at least five different pathways for its synthesis described in bacteria (Avonce et al. 2006 , Paul et al. 2008 . The most widely distributed and best-known pathway involves two catalytic steps. In the first step, trehalose-6-phosphate synthase (TPS) transfers glucose from UDP-glucose to glucose-6-phosphate to form trehalose-6-phosphate. Subsequently, trehalose-6-phosphate is dephosphorylated via trehalose-6-phosphate phosphatase (TPP) to produce trehalose (Elbein et al. 2003; Iordachescu and Imai 2008) . This is the only pathway that was also conclusively demonstrated in eukaryotes (Roth and Sussman 1966) . Of the four remaining pathways, three are found in both bacteria and archaea (Avonce et al. 2006) . The trehalose-synthase pathway, whereby trehalose is formed from maltose in a single transglycosylation reaction via trehalose synthase (TreS), is considered unique to bacteria (Avonce et al. 2006; Paul et al. 2008) .
In this study, we searched the Acanthamoeba genome for putative enzymes involved in trehalose synthesis pathways. The recovered sequences were analyzed and placed into the phylogenetic context. Using qPCR, we followed a time course of expression of mRNA for these proteins during encystation and pseudocyst formation and determined correlations between the mRNA expression patterns of the enzymes and concentrations of cellular carbohydrate pools. Based on the results, we propose the presence of two functional pathways of trehalose synthesis in Acanthamoeba. Moreover, our results clearly support the view that encystation and pseudocyst formation, the two stress responses of Acanthamoeba, represent fundamentally different processes.
Results

Phylogenetic Analyses
As the first step, we searched the genome of A. castellanii for the presence of genes coding for enzymes known to participate in trehalose synthesis in other organisms (Avonce et al. 
TreS in Acanthamoeba
The presence of a gene for TreS in the genome of A. castellanii has already been suggested by Clarke et al. (2013) . Our search supported this finding. The BLAST search based on the A. castellanii sequence also showed the presence of putative TreS sequences among other species of free-living Amoebozoa. TreS is a member of oligo-1, 6-glucosidase subfamily of the GH13 family of glycoside hydrolases (Kuriki and Imanaka 1999) . To determine the identity of the putative amoebic TreS unambiguously, we assembled a dataset covering the whole range of diversity of the GH13 hydrolases and subjected it to a phylogenetic analysis.
As shown (Fig. 1) , the sequences retrieved from representatives of Amoebozoa clearly belonged to the TreS subfamily of GH13 hydrolases forming a monophyletic group. All methods of phylogeny reconstruction placed the Amoebozoa sequences in the basal position with respect to the bulk of prokaryotic proteins. Interestingly, all Amoebozoa TreS sequences lacked the C-terminal domain. This domain with a probable kinase activity is fused to TreS in many groups of bacteria, e.g., proteobacteria, cyanobacteria and chlorobi (Jarling et al. 2004 ).
The topology of the tree (Fig. 1) suggests that the C-terminal domain represents a later addition to the TreS enzymes and that the acquisition of the TreS gene by an ancestor of the extant amoebae preceded the C-terminal fusion. The absence of the C-terminal domain is an aspect shared by the Amoebozoa and actinobacteria, of which the high-resolution structure of TreS is available (Mycobacterium avium and M. smegmatis) (Caner et al. 2013 , Roy et al. 2013 ). Comparative analysis of the Amoebozoa TreS with the mycobacterial enzymes revealed the conservation of the catalytic residues and the domain organization of the enzyme (Fig. 2 ). This finding indicates that the TreS sequence recovered from the Acanthamoeba genome represents an active enzyme.
TPS-TPP in Acanthamoeba
Because we identified only fusion genes for TPS-TPP (see above), both domains were analyzed together in the phylogenetic analysis as in Yu et al. (2010) . The phylogenetic position of the TPS-TPP proteins from A. castellanii is shown in Figure 3 . The sequence, hereafter denoted TPS-TPP 1, is placed at the base of all eukaryotic enzymes. The other two, denoted TPS-TPP 2A and 2B, are positioned at the base of the group of fungal enzymes. The tree was rooted using the prokaryotic protein sequences. In both cases, the sequences retrieved from A. castellanii were grouped with the TPS-TPP enzymes from other Amoebozoa species.
The genomes of many organisms contain multiple copies of the enzymes of the TPS-TPP pathway, with many of these copies likely coding for enzymatically inactive proteins (Fig. 4) . In contrast, in the TPP domain, TPS-TPP1 lacked several conserved catalytic residues that were present in TPS-TPP 2A and 2B (Fig. 5) . Assuming that the absence of several of the conserved catalytic residues implies the absence of the catalytic function, TPS-TPP 1 is deficient in TPP activity, whereas TPS-TPP 2A and 2B lack TPS activity. Thus, the two phylogenetically distinct types of TPS-TPP appear to be able to complement each other in providing the complete pathway of trehalose synthesis in Acanthamoeba.
The bioinformatic analyses suggests that A. castellanii possesses a functional enzymatic apparatus of two pathways for the synthesis of trehalose. To test whether these pathways actively participate in the stress defense response, we analyzed the expression patterns of the enzymes and monitored the cellular carbohydrate levels during encystation and pseudocyst formation.
Gene Expression of Enzymes for Trehalose Synthesis During Acanthamoeba Differentiation
To explore the expression patterns of genes for trehalose synthesis during encystation and pseudocyst formation, we performed a qRT-PCR analysis of all four trehalose synthesis genes found in the Acanthamoeba genome, namely, TPS-TPP 1, TPS-TPP 2A, TPS-TPP 2B and TreS.
In Acanthamoeba cells undergoing differentiation into pseudocysts (Fig. 6A ), all these enzymes were upregulated within a maximum of 30 minutes after initiation/induction of the process and gradually decreased thereafter until the last time interval monitored in our experiments (72 hours). Nevertheless, the mRNA levels for all studied genes always exceeded the levels in the trophozoites.
In encysting cells (Fig. 6B) , genes of only two of the enzymes, namely TPS-TPP 2B and TreS, showed higher expression than in the trophozoites. Maximum expression was observed 2 hours post-induction. During the next 12 to 24 hours, gene expression of both enzymes declined substantially. Within the next 48 hours, the levels of mRNAs of both enzymes dropped below the levels determined in the trophozoites (representing the level at time zero) (Fig. 6B , time intervals from 48 to 72 hours). The expression of two other genes, namely TPS-TPP 1 and TPS-TPP 2A, was repressed during the whole process of encystation.
During the first two hours, the amount of the mRNA for these enzymes was slightly lower compared to the amount at time zero (the trophozoite stage), and it continued to decrease until the end of the monitoring period (72 hours).
Regarding changes in mRNA expression of the trehalose synthesis genes, there were considerable differences between pseudocyst formation and encystation: up to 50-fold enhancement during the former compared to a maximum increase of two-fold during the latter (Fig. 6A, B) .
Quantitative Changes in Carbohydrate Levels in Differentiating Acanthamoebae
Mass spectrometric quantification was used to determine the amounts of trehalose as well as those of glucose and maltose that may serve as substrates for trehalose synthesis in Acanthamoeba cells undergoing encystation or pseudocyst formation. The analysis first revealed that trehalose is present in all Acanthamoeba stages, trophozoites, mature pseudocysts and mature cysts (Fig. 7) . While in the mature pseudocyst ( Fig. 7A : time interval, 2 hours), the amount of trehalose was approximately 50% less than in the trophozoite. In the mature cyst (Fig. 7B : time interval, 24 hours), the level of this carbohydrate was approximately 30% higher than that in the trophozoite. During differentiation of the trophozoites to the pseudocysts, the level of trehalose showed two peaks, at 0.5 and 24 hours post-induction (Fig. 7A ), that were separated by a transient decrease at approximately 2 hours (a pseudocyst maturation). During encystation, a marked increase in the trehalose levels occurred at 12 hours, and they remained elevated for up to 48 hours, followed by a decrease at 72 hours (Fig. 7B) . The glucose level detected in the trophozoites (Fig. 7 A, B; time interval, 0.1 hours) markedly dropped at the beginning of both processes ( Fig. 7A, B ; time interval, 0.5 hours). A subsequent decrease was observed at 2 and 12 hours for pseudocyst formation and encystation, respectively. The amounts of maltose decreased 30 minutes after the induction of pseudocyst formation (Fig. 7A ) and 12 hours after the induction of encystation (Fig. 7B) . The levels of maltose and glucose were approximately zero in the mature pseudocysts (time intervals from 2 to 72 hours) and very low in the mature cysts (time intervals from 24 to 72 hours).
Discussion Phylogenetic Analysis
In this paper, we present evidence that the genome of A. castellanii contains genes for enzymes from two different pathways for trehalose synthesis, the prokaryotic TreS and the widespread TPS-TPP-based pathways, and that according to the bioinformatics data, these pathways are functional.
The phylogenetic analysis, which determined Acanthamoeba TreS to be a member of 
Gene Expression of Enzymes for Trehalose Synthesis in Acanthamoeba Stress Responses
We further show that genes for all four trehalose biosynthetic enzymes found in the Acanthamoeba genome are expressed during both types of stress reactions. Because the bioinformatics data indicate catalytic activity for each of the encoded enzymes, their expression suggests that trehalose and/or its precursors are important components of stress reactions. However, we can only speculate about the functions of the enzymes and roles of the carbohydrate during a response by this protist to environmental stress. It must be kept in mind that the observed amounts of mRNAs are not necessarily an unambiguous indicator of protein levels or activity of the respective enzymes. Hence the following section aims to integrate the discussion of changes in gene expression of enzymes of trehalose synthesis and observed kinetics of carbohydrate levels.
Gene Expression of Enzymes for Trehalose Synthesis During Pseudocyst Formation
During formation of the pseudocysts, we observed the most pronounced increase in mRNA expression for all four genes within the first 30 minutes. A rapid shock reaction by Acanthamoeba cells has been described at this time point: the cells become rounded, detach themselves from the substrate and start to synthesize and export material for a fibrillar coat on the cell surface (Kliescikova et al. 2011a). It seems likely that in these early/immature pseudocysts, TreS predominates in the synthesis of trehalose since the increase in the amount of trehalose apparently correlates with a decrease in maltose, a substrate for trehalose synthesis in the TreS pathway (Nishimoto et al. 1995) . The function of trehalose in this phase of Acanthamoeba differentiation is unknown. In general, trehalose may serve as an energy and carbon source, a signaling or regulation molecule, a cell wall component, or a membrane and protein protectant (Elbein et al. 2003) . A significant decrease in trehalose in the maturing pseudocysts indicates the former possibilities. At the same time, a role for the enzymes of the TPS-TPP pathway remains completely unclear. Provided that all the trehalose detected at the 30-minute time point was formed by converting maltose via TreS, the TPS-TPP pathways could not be involved in trehalose synthesis; the increase in trehalose levels correspond to the decrease in maltose over the first 30 mins (Fig. 7A) , consistent with the 1:1 conversion catalyzed by TreS. On the other hand, the activities of these enzymes may yield other important molecules, such as those in plants, where trehalose-6-phosphate (T6P), the metabolic precursor of trehalose in the TPS-TPP biosynthetic pathway, is an important signaling metabolite (O´Hara et al. 2013 ).
Interestingly, we observed another increase in the trehalose level in the mature pseudocysts (between 2 and 24 hours). Because the concentration of maltose was approximately zero after 30 minutes of differentiation, it seems that in the mature pseudocysts, trehalose is formed particularly via the TPS-TPP pathways. Moreover, in contrast to the immature pseudocysts, the mature forms that possess a fine fibrillar coat covering the entire cell surface are, to a certain extent, resistant to heat and desiccation (Kliescikova et al. 2011a) , suggesting a need for compounds that protect the inner environment of the mature pseudocyst from the deleterious effect of thermal and drought stress. However, further experiments are needed to determine whether trehalose is the protective compound.
Gene Expression of Enzymes for Trehalose Synthesis During Encystation
Unlike with pseudocyst formation, we detected upregulation of only two of the four genes of trehalose synthetic enzymes, TreS and TPS-TPP 2B, during Acanthamoeba encystation. As with the immature pseudocysts, the TreS pathway seemed to play a major role in trehalose synthesis in the encysting acanthamoebae since TreS was found to have the highest expression level of mRNA and since an increase in trehalose was mirrored by a decrease in maltose. However, a comparison of the levels of the two disaccharides clearly shows that maltose could not be the only substrate for trehalose synthesis. Involvement of the TPS-TPP pathway was indicated by upregulation of TPS-TPP 2B gene with a very similar trend to TreS, i.e., a gradual increase during the first two hours of encystation, followed by a sharp decrease. This observation suggests that either TPS-TPP 2B represents a fully active enzyme capable of catalyzing both steps of the trehalose synthesis, despite the amino acid substitutions, or that TPS-TPP 2B acts as a part of a multi-component complex, either by providing the TPP activity or playing a regulatory role, similar to Tsl1 and Tps3 in Saccharomyces (Gancedo and Flores 2004) . This finding implies that other components of a putative complex, e.g., TPS-TPP 1, which contains an active TPS domain, are already present in the cell prior to the onset of encystation. seconds at 95 °C and 1 minute at 65 °C; and cooling to 37 °C. As a reference gene, the gene for Acanthamoeba 18S rDNA was used. The experiments were done in triplicate.
Mass spectrometry: Carbohydrates were isolated from 1×10 7 cells at 0, 0.5, 2, 12, 24, 48, and 72 hours during Acanthamoeba encystation and pseudocyst formation (forming cysts, starting at 12 hours, and pseudocysts, starting at 2 hours, were homogenized using a bead beater prior to extraction) using the method described by Antonio et al. (2007) . Carbohydrates were then quantified using external calibration HILIC ESI-qTOF-MS, based on the method acidophilum (1U02). Catalytic residues, based on the analysis of the 1U02 structure (Rao et are not enzymatically active. The gene for Acanthamoeba 18S rDNA was used as a reference. TPS-TPP 2A TCA AGA CCC TCC CTG AAA  ACG GGC AGA ATA CGA TAG A  TPS-TPP 2B CCC GAT TTC GAC TTC ATC TT  ATC ATC TTG TCC TCG TCC T  TreS  GGC CCG CAT CAT CTT TAT C  CCT TGG GAT TCT CGA AGT TAA G  18S rDNA  TGC ATG GCC GTT CTT AGT TGG AGC GCG GCA TAT TTA GCA GGT 
